1. Introduction {#sec1-micromachines-10-00559}
===============

Concrete is an extensively used material in construction owing to its rich qualities, including being cost-effective, durable, and moldable into shapes, permitting the construction of safe and reliable structures. By contrast, the complex mixture (cement, sand, aggregates, admixtures, etc.) and field uncertainties make concrete susceptible to imprecise determinations of strength in the early stages of curing; managing these factors is important in preventing structures from unexpected accident or failure due to the premature removal of a framework or immature concrete. It is necessary to understand the materials used for construction to ensure the efficiency and longevity of the structures being built. Several types of structures are built using concrete. It is important to study and determine the properties of cement and concrete at different stages of construction as they directly affect the strength and durability of the structures. In the project schedule for construction, the idle time required for the hardening of concrete is a crucial influencing factor, especially in construction of high rise or multi-staged projects. Unscheduled removal or early removal of the supportive framework sometimes causes huge losses, such as the incident that took place in the construction of 2000 Commonwealth Avenue, Boston \[[@B1-micromachines-10-00559]\]; one side of the building progressively fell down, causing the death of four workers and injury to twenty others. Later, it was reported that the collapse was initiated due to a roof slab that was insufficiently cured due to exposure to cold weather. Structures such as high-rise buildings, dams, and bridges need precise monitoring in the early stages of construction because the size of the structures becomes a challenge for safety and quality assurance. For the safe loading of structural elements, applying pre-stressing, removing form work, and limiting unnecessary time between project stages, it is necessary to understand the curing process and be familiar with concrete strength and stiffness. Monitoring of the curing and strength development processes provides enough information for these stages. Consequently, for quality assurance, health monitoring, and safety control, many techniques of destructive and non-destructive testing (NDT) are used \[[@B2-micromachines-10-00559],[@B3-micromachines-10-00559],[@B4-micromachines-10-00559],[@B5-micromachines-10-00559],[@B6-micromachines-10-00559],[@B7-micromachines-10-00559],[@B8-micromachines-10-00559],[@B9-micromachines-10-00559],[@B10-micromachines-10-00559],[@B11-micromachines-10-00559],[@B12-micromachines-10-00559],[@B13-micromachines-10-00559]\]. The innovations in this field have led the way to smart construction, and utilizing the idea of the IoT (Internet of Things) has upgraded the structural health monitoring process to precisely and remotely monitor the structures and to provide a safe work environment. These innovations tie the IoT to data simplification for destructive and NDT \[[@B2-micromachines-10-00559]\]. Conventionally, compressive strength tests of concrete use concrete cylinders or cubes cast along the structure. Even though this technique is simple and economical, various factors cause a difference in the strength of the main structure and of these cubes; one of those factors is spatial variation. On the other hand, NDT is preferred as it is more practical, quick, and cost effective. Some of the NDT techniques that are widely used are the ultrasonic pulse velocity, Schmidt rebound hammer test, radiography, resonant frequency, isothermal calorimeter, maturity method, and some acoustic tests \[[@B14-micromachines-10-00559],[@B15-micromachines-10-00559],[@B16-micromachines-10-00559],[@B17-micromachines-10-00559],[@B18-micromachines-10-00559],[@B19-micromachines-10-00559],[@B20-micromachines-10-00559],[@B21-micromachines-10-00559],[@B22-micromachines-10-00559],[@B23-micromachines-10-00559],[@B24-micromachines-10-00559]\]. The traditional method for measuring concrete strength may need adjustments of special equipment and to be carried out during construction, which can interrupt the tough construction schedule, while the smart techniques do not delay construction and can provide data for as long it is needed in the process of structural health monitoring (SHM). The accuracy of the results for these tests differs from case-to-case, depending on the technique used. The ultrasonic waves analysis, which is based on a resonant frequency change and uses different features of wave propagation, is the test with enough data availability for analysis. The application of ultrasonic waves propagation is widely used for structural health monitoring, concrete compressive strength prediction, and damage detection in structures \[[@B9-micromachines-10-00559],[@B25-micromachines-10-00559],[@B26-micromachines-10-00559]\]. The technique generously reveals elastic and dynamic properties of the concrete, making this procedure plausible for concrete structural health monitoring using piezoelectric (PZT) materials \[[@B6-micromachines-10-00559],[@B8-micromachines-10-00559],[@B26-micromachines-10-00559],[@B27-micromachines-10-00559],[@B28-micromachines-10-00559]\]. In ultrasonic waves analysis, PZT sensors are used to mechanically measure the dynamic responses of the ultrasonic waves that display boundary disparities owing to the development of concrete strength. The velocities of the waves are determined from the arrival time of the signals. Because the PZT materials are used as sensors and actuators, the distance between the actuator and sensor with the arrival of the first return signal is used to modify the propagation process. For fresh concrete, the approach of the ToF (time-of-flight) to the arrival of the first signal gives smooth results; monitoring of velocities for the P-waves and R-waves gives extensive data about the concrete \[[@B8-micromachines-10-00559],[@B9-micromachines-10-00559]\]. For these approaches, the applied simplification differs for the surface and internal waves. The shared waves may also be used, giving adequate results for damage and crack detection. Simultaneously, embedded, wireless temperature sensors measure the hydration temperature history of the concrete to estimate the concrete early-age strength using the maturity method \[[@B16-micromachines-10-00559],[@B17-micromachines-10-00559],[@B29-micromachines-10-00559],[@B30-micromachines-10-00559]\]. The maturity theory states that the graphical area of temperature experienced by a specimen, beyond the datum temperature of the concrete, predicts the concrete strength by using the Nurse--Saul maturity index. In this case, the hydration temperature and the curing age forecast the strength of the concrete on a formulated basis \[[@B29-micromachines-10-00559],[@B31-micromachines-10-00559]\]. The ASTM (American Society for Testing and Materials) provides two maturity functions for the maturity tests: (i) the Nurse--Saul function and (ii) the Arrhenius function, which uses the temperature history of hydration and the activation energies of the cementation process \[[@B16-micromachines-10-00559]\]. In this maturity method study, temperature effects were analyzed for the strength-gaining process and the effects of hydration temperature were determined for early-age concrete strength development. In this procedure, we acquired the data by wireless sensors embedded in the concrete, processed the data for noise reduction, and used the Nurse--Saul method of maturity curve development. For competence of the data and to streamline the work, the results were compared with those formulated by maturity method data, ultrasonic wave propagation results, and the compressive strength gained by a penetration resistance test using a universal testing machine (UTM) and conducted on cylindrical specimens taken from the same concrete mix.

2. Transition of Pattern, Dissimilation of Signals {#sec2-micromachines-10-00559}
==================================================

2.1. Waves Direct Velocities {#sec2dot1-micromachines-10-00559}
----------------------------

Ultrasonic wave propagation through the concrete medium is studied widely. The variations of these approaches lay in the methodology used for analyzing the wave propagation. For this purpose, different parameters are analyzed related to concrete stiffness and compressive strength properties. Normally the technique of direct transmission of waves through the concrete medium is used. By using the ultrasonic waves analysis method, three types of data can be acquired when dynamic loads or vibrations are applied to a concrete structure: (i) compressional waves or P-waves, (ii) Rayleigh or surface waves, and (iii) shear waves or S-waves \[[@B32-micromachines-10-00559],[@B33-micromachines-10-00559]\]. The characteristics of these waves can be determined by the patterns that depend on the velocity, amplitude, and the relationship of these wave parameters. Transmission of compressional waves have high velocity whereas the velocities of shear and surface waves are approximately 60% and 55% of that of compressional waves, respectively. The relationship between the concrete strength and waves is usually given by \[[@B34-micromachines-10-00559]\], $$fc = {a\ \exp}\left( {{b\ }V} \right).$$

In this equation *fc* represents the compressive strength, *V* is the velocity of the longitudinal waves, and a and b are the parameters determined by P. Turgut \[[@B35-micromachines-10-00559]\] using the least squares method. The quality monitoring and assurance by wave propagations follows the theory of kinematics of deformation, which is based on Newton's second law of motion \[[@B36-micromachines-10-00559]\]. According to this theory, the total stresses acting on the subjected area of a concrete specimen is the second order differential governing longitudinal wave propagation, $$\frac{\partial^{2}\mathbf{u}}{\partial t^{2}} = \mathbf{S}^{2}\frac{\partial^{2}\mathbf{u}}{\partial\mathbf{x}^{2}}.$$

In Equation (2), *S* is the speed of the wave, $u$ is the displacement, *t* represents the time, and *x* is the path length.

For measurement of stressed zones, the waves speed can be used. The wave speed depends on the density and Young's modulus according to, $$S = \sqrt{\frac{E}{\rho_{o}}}.$$

In Equation (3), Young's modulus and the density of the material are represented by *E* and $\rho_{o}$ respectively. In stress waves, the Poisson ratio of the material affects the velocity, so the effects are countered using Equation (4) \[[@B35-micromachines-10-00559]\], $$\mathbf{S} = \sqrt{\frac{\mathbf{E}}{\rho_{o}}}\frac{1 - \mathbf{v}}{\left( {1 + \mathbf{v}} \right)\left( {1 - 2\mathbf{v}} \right)}.$$

In this equation, *v* is the Poisson ratio of the material, which is incorporated to give the value for the speed of the waves in the material.

2.2. Molded Variation {#sec2dot2-micromachines-10-00559}
---------------------

Because the stiffness and rigidity grow with the curing time of the concrete, the velocity of the waves increases as a function of time. This variation in stiffness molds the velocity of the waves. The stiffness of the material is related to the Young's modulus of material \[[@B37-micromachines-10-00559]\]. Thus, with curing time, the Young's modulus also rises.

According to the wave equation, the relation of wave speed, Young's Modulus, and density of material is defined as, $$\frac{\partial^{2}u}{\partial t^{2}} = \frac{E}{\rho_{o}}~\frac{\partial^{2}u}{\partial x^{2}} = S_{1}^{2}\frac{\partial^{2}u}{\partial x^{2}}.$$

In Equation (5), *E* is Young's modulus, $S_{1}$ is the speed of the elastic wave, $u$ is the displacement, *t* is the time, *x* is the path length, and $\rho_{o}$ is the density of the material in its unstrained state.

3. Experimental Setup {#sec3-micromachines-10-00559}
=====================

This study of concrete comparative strength-development monitoring was prepared using three different results: (i) the maturity method of concrete strength estimation, (ii) ultrasonic wave propagation in concrete, and (iii) UTM-based concrete compressive strength estimation, which was composed of smart PZT sensors and temperature sensors (SmartRock) to monitor the commencement of dynamical changes in the concrete specimens.

3.1. Mixture Composition and Material Gradations {#sec3dot1-micromachines-10-00559}
------------------------------------------------

For the experiment, a cubic meter sample composition was prepared according to quantities given in [Table 1](#micromachines-10-00559-t001){ref-type="table"}. For the admixture, silica fume was added for bond strength and compressive-strength gain. The machine mix of cement and aggregates was prepared, and the admixture was added before adding water.

Ordinary Portland cement of type ASTM C 150 was used in the preparation of the specimens. The gradation of aggregates, determined by sieve analysis, is given in [Figure 1](#micromachines-10-00559-f001){ref-type="fig"}. Sand was used for fine aggregates and crushed stones were used for coarse aggregates. The size of the coarse aggregates used was 18 mm.

3.2. Specimen Properties {#sec3dot2-micromachines-10-00559}
------------------------

Concrete specimens of dimensions 400 mm × 100 mm × 100 mm were casted for the test of ultrasonic waves and maturity method strength monitoring. The PZT transducers and temperature sensors were embedded in the specimens during pouring of the concrete. Simultaneously, cylindrical samples were cast for the compressive strength test by penetration resistance using a UTM from the same concrete mixture. Two types of specimens of the same concrete mix were poured for the experiment, the specimens of which dimensions are aforementioned were used for the ultrasonic wave propagation monitoring and SmartRock sensors. The cylindrical samples were poured for the destructive test to be placed as part of the penetration resistance test. The average value of three specimens was considered the value for each specific day during the strength-development monitoring; monitoring was completed on days 1, 2, 3, 7, 14, and 28.

3.3. PZT Material as Sensors and Actuators {#sec3dot3-micromachines-10-00559}
------------------------------------------

The PZT material has the ability to interconvert mechanical and electrical energies and sense the dynamical vibration in paste and solid media. These rich properties enable PZT materials to be used both as sensors and actuators \[[@B14-micromachines-10-00559],[@B38-micromachines-10-00559],[@B39-micromachines-10-00559],[@B40-micromachines-10-00559]\]. As the PZT materials are used as transducers, for the needs of sensing and actuating, the terms of PZT sensors and PZT actuators are used, respectively, according to placement. Researchers have employed these materials using different approaches as sensors. PZT sensors can be used to extract different mechanical properties of the subject samples or structures. Furthermore, using PZT materials for different approaches and to consider various parameters can determine strain, stiffness, and stresses, or other modified features of material. The strain effects and electro-mechanical effects of the PZT sensors are used to investigate the dynamical properties of the host structure. In this study, the property of propagation of ultrasonic waves was utilized to study and analyze the dynamic changes observed with the curing age and development of concrete strength \[[@B8-micromachines-10-00559],[@B9-micromachines-10-00559],[@B10-micromachines-10-00559],[@B41-micromachines-10-00559],[@B42-micromachines-10-00559]\].

3.4. Sensors' Preparation {#sec3dot4-micromachines-10-00559}
-------------------------

For data acquisition, PZT materials were used to actuate and sense the responses of propagated signals from the medium. The specific PZT material used in this experiment was APC 850 (American Piezo Ceramics), which has high sensitivity characteristics and large displacement effect; these PZT transducers were embedded in the concrete with large damping effects. The material of size 10 mm × 10 mm was attached to 300 mm × 30 mm steel plates such that two PZT specimens were placed on each face of a steel plate separated by 140 mm (a total of four transducers on a single steel plate, PZT specimens were attached on both sides of the plates), as shown in [Figure 2](#micromachines-10-00559-f002){ref-type="fig"}. Here, the size of the specimen is smaller than the targeted structure, and further resizing can take place according to the needs and propagation plan. Because the thick transducers generated the ultrasonic waves in the direction of the thickness of the steel plates, thin PZT transducers were used to generate guided waves along the surface of the steel plates. The distance between pairs of the PZT transducers were determined such that signals from the direct path of the PZT transducers could not contaminate the reflected signals from the side and end boundaries of the steel plate.

The PZT transducers were embedded in concrete specimens to actuate and produce guided ultrasonic waves and were considered as a sensor to observe the internal dynamic changes of the subjected material \[[@B39-micromachines-10-00559]\]. The sensors were embedded in the specimen during the pouring of the concrete and positioned to keep the connections safe for acquiring the data as shown in [Figure 3](#micromachines-10-00559-f003){ref-type="fig"}a,b.

Because the electrical behavior of the material is linear, $$D_{i} = \varepsilon_{ij}E_{i}.$$

In Equation (6), *D* is the displacement of the electric charge density, *E* is the electric field strength, and *ε* is the permittivity of a free body. The factor of proportionality relating the electric field strength and electric displacement is defined as the medium's dielectric constant. The tensor of the displacement of the electric charge density is also represented in Equation (6).

The strain--stress relationship is in accordance with Hooke's Law, $$S_{i} = S_{ij}T_{j}.$$

In this equation, *S* represents the strain and *T* represents the stress produced in the body.

Equations (6) and (7) can be written as $${S = s^{E}T + dE,}{D = dT + \varepsilon^{T}E.}$$

In Equation (8), $s^{E}$ is the compliance under the electric field and $\varepsilon^{T}$ represents the dielectric constant of the PZT material under constant stress. Equation (8) is used to simplify the stress and strain effects occurring in the body.

3.5. Methodology Analysis for the Longitudinal Wave Variations {#sec3dot5-micromachines-10-00559}
--------------------------------------------------------------

The approach for conducting experiments for this study encompassed embedding smart PZT transducers in a concrete specimen to measure the ultrasonic waves variation of center frequencies in the range of 100--300 kHz and thus to monitor the hardening process of concrete by the gradual divergence of phase-transition as the specimens cured. Especially in the liquid phase to the initial sitting time, the strength measuring process is critical, in that it depends on the mixture type and sometimes varies with the measuring approaches. In the initial sitting time, the frequencies of waves indicate the dynamic change in the medium. In this study, we monitored the phase changes of the A-mode and S-mode of signals.

The experiment was carried out with a concrete mixture ratio given in [Table 1](#micromachines-10-00559-t001){ref-type="table"} and kept at a temperature of 23 °C. The data from the samples were collected continually every thirty minutes, with the aid of a computer setup. For the measurement of data, a setup of an arbitrary waveform generator (AWG), controller, multiplexers (MUX), and a signal digitizer (DIG) was assembled to acquire and process the data. The ultrasonic wave velocity profiles were obtained as a function of time. In this experiment, the velocity variation was studied to estimate the compressive strength of concrete. With the gradual change in the amplitude of the ultrasonic waves, the change of strength became more prominent and was easier to observe and calculate. For this purpose, the changes in the pattern were approached differently from the Roa-Rodriguez method \[[@B43-micromachines-10-00559]\].

In the process of ultrasonic wave propagation, to consider the analogy of phase transition, the simplified one-dimensional equation fits adequately because the ultrasonic pulse detector or receiver focuses only on the first arrival of the signal of the longitudinal wave and the subsequent signals are ignored by the system. Furthermore, ultrasonic waves were analyzed through the functionality of the solid-medium wave-transformation analogy. Studies of the phase transition state that for the monitoring of composite structures, the A-mode of Lamb waves gives a clearer and more appropriate result than the S-mode \[[@B44-micromachines-10-00559],[@B45-micromachines-10-00559]\]. When the propagated wave travels in-phase, it is considered as S-mode and when it travels out-of-phase it is considered A-mode. The relationship can be altered by the placement of the PZT transducers and the polarization of the specimens. This makes it easy to recognize the individual modes of the waves by adding or subtracting one signal from the other. As for the nomination of the PZT transducers, the arrangement of the signals can be made according to its order. If cracks or damage are detected, the signal's phases will be identical. The waves propagation speed, s, in Equation (5) is independent of ∂*u*/∂*t*, or that of the local velocity/speed shift of the elements transmitting the wave through sections. The time-of-flight is used for the specification of the velocity change of the waves. The velocity of waves is modified by dynamic variations of the material thickness. The elastic properties of the transmuting medium, density, and Poisson's ratio define the wave speed, s. In this study, all the wave speed values are assumed constant. Hence, the results were compared for all three methods.

4. Hydration Temperature and Maturity Index {#sec4-micromachines-10-00559}
===========================================

The hydration temperature history uses data for the NDT to reveal hydration-temperature-related features to monitor compressive strength of fresh concrete. This method relies on the combined parameters of temperature and time and can be used for in-place concrete during construction \[[@B17-micromachines-10-00559],[@B46-micromachines-10-00559]\].

When water is added to the mixture, the hydration process commences, and the chemical reaction of disilicate, trisilicate, aluminate, and other admixtures begins, so the hydration temperature of concrete rapidly increases. The temperature rises rapidly during the initial hours of pouring until two days later, after which it stays constant with the development of the material's internal bonding and increased concrete strength \[[@B47-micromachines-10-00559]\]. In the maturity method depicted in [Figure 4](#micromachines-10-00559-f004){ref-type="fig"}, after pouring concrete, the hydration temperature is the key feature to determine the maturity curve and estimate the maturity function for the prediction of concrete strength. For the strength development, the chemical bonding of individual particles is linear. The related study of N.J. Carino states, in Equation (9), that the shrinkage of chemical bonding is a dependent function of age and gives a clear result for the hydration temperature \[[@B17-micromachines-10-00559]\]. The strength can be further clarified by considering the datum temperature as related to the mixture type, $$S = S_{u} = \frac{\sqrt{k\left( {t - t_{0}} \right)}}{1 + \sqrt{k\left( {t - t_{0}} \right)}.}$$

In this equation, S represents the strength with respect to time *t*, *t*~0~ is the time at initial sitting, and $S_{u}$ represents the limiting strength of the sample. In Equation (9), *k* is a constant rate, which in a molecular system is when the energy is transferred between the molecules due to collisions during their constant motion. The kinetic energy of the molecules increases as the system heats up and molecules surmount the barrier of energy required for lower-energy reaction products. Thus, the rate of reaction increases with increasing temperature observed as a constant rate *k* \[[@B48-micromachines-10-00559]\].

While we can define the datum temperature of the mixture according to the properties of cement and other admixtures, when admixtures are added, the datum temperature can be different. In slack seasons of concrete pouring, freezing-temperature effects on the strength-gaining process of inter-particle bonding must be considered when specifying the datum temperature \[[@B17-micromachines-10-00559]\].

The product of time and hydration temperature of concrete is used for strength estimation. The 1950s Nurse--Saul maturity Function is given in Equation (10) \[[@B29-micromachines-10-00559]\] $$M = \sum\limits_{0}^{t}\left( {T - T_{0}} \right)\Delta t.$$

Equation (10) shows the datum temperature effect is neglected to prominently pursue the strength development.

5. Discussion and Results {#sec5-micromachines-10-00559}
=========================

5.1. Phase Variation {#sec5dot1-micromachines-10-00559}
--------------------

In monitoring the strength-development process of concrete through ultrasonic wave analysis, the dynamic change of the phase in the material observed for the initial sitting stages used the phase-transition phenomena. At the same time, the hydration-temperature history produced the maturity curve to predict the strength using the maturity index. The comparison of these results was established by measuring the strength of the cylindrical simples by the penetration resistance test using a UTM. The results of the maturity method and the compressive strength were clear and similar to the ultrasonic waves analysis result.

The velocity variations in the wave propagation were observed in the transmuting of phases of the concrete sample. The phase changes were due to the formation of new boundary conditions with curing and strength development, as the strength of the inter-particle bonding caused the expansion in the boundaries of the concrete structure. The velocity change of A-mode compared to S-mode for the specimens is shown in [Figure 5](#micromachines-10-00559-f005){ref-type="fig"}. The fast-changing arrival time of signals for the A-mode defines the boundary condition, the S-mode waves change later with the changing of the boundary conditions. The approach of using the first signal observed by the sensor defines the thickness of the material of the transmitted wave, which deals with the signal's travel time between two specific points.

Pattern irrelevancy in the raw signals can be observed for the amplitude change in [Figure 6](#micromachines-10-00559-f006){ref-type="fig"}, which shows the data of three different curing ages. Due to phase regulation in the strength gain, there is a clear difference among the data. The arbitrary waveform generator emits ±10 signals peak-to-peak with a frequency ranging from 100 to 300 kHz; the frequency is exerted by the PZT transducers to form the signals. [Figure 6](#micromachines-10-00559-f006){ref-type="fig"} shows the data of the raw signals for different periods. The peaks of the signals with initial generation time have high amplitudes, which decrease with time. The peak inclination differs for different periods and indicates the dynamic variations.

The velocity change in the term of the material stiffness factor occurs prominently in [Figure 7](#micromachines-10-00559-f007){ref-type="fig"}; the deepness of the color indicates the rapidity in the velocities and changes of the phases in the material. The wave propagation with curing time changes as the stiffness of the material changes. As the velocities of signals at frequencies near 100 kHz are selected for the A-mode waves, the lower noise data can predict the speed of the waves as a factor for strength monitoring.

5.2. Hydration Temperature and Maturity Index {#sec5dot2-micromachines-10-00559}
---------------------------------------------

The hydration temperature was monitored continuously after pouring the concrete and the smart temperature sensors produced the data for the estimation of the maturity of concrete with curing time. The datum temperature was calculated as −2 °C per ASTM \[[@B16-micromachines-10-00559],[@B17-micromachines-10-00559]\]. The data of the temperature for the hydration heat is shown in [Figure 8](#micromachines-10-00559-f008){ref-type="fig"}.

The data of hydration-temperature history was applied to the Nurse--Saul curing function to predict the maturity index. As the datum temperature and time limit were defined, the results showed that hydration temperature was elevated in the initial hours and increased rapidly; that elevation continued to be observed until 28 h after curing, reaching a rise of 20 °C. As time passed, the strength-development improved and the temperature was observed to show lower peaks, as compared with the initial hours, owing to the completion of chemical processes. The experiment was composed of two specimens in the same environmental conditions. Consequently, the temperature data did not show a prominent deviation in curves. The data for the maturity with curing time is shown in [Figure 9](#micromachines-10-00559-f009){ref-type="fig"}.

Because the temperature data for the concrete specimen 2 appeared slightly higher than that of specimen 1 of concrete, the cured strength was also calculated to be somewhat higher. The strength was calculated from the data shown in [Figure 10](#micromachines-10-00559-f010){ref-type="fig"}.

Using the Nurse--Saul function with the datum temperature measured as −2 °C, the maturity index data were calculated as shown in [Figure 9](#micromachines-10-00559-f009){ref-type="fig"}, which further simplified the strength of the concrete specimen. The rapid strength development at early ages is prominent from the data results and the compressive strength at the targeted time measured 24.47 MPa, as shown in [Figure 10](#micromachines-10-00559-f010){ref-type="fig"}.

5.3. Comparative Data for the Strength Prediction {#sec5dot3-micromachines-10-00559}
-------------------------------------------------

The results of compressive strengths were compared to the penetration test results performed in the laboratory on the specimens for penetration-resistance tests. The data for all indicated dates were the average values of the results for the three cylindrical-specimen tests on each date. After 24 h of curing, the average strength of three cubes for the penetration resistance test was calculated as 3.97 MPa, which rapidly increased until 48 h when the strength value reached 9.58 MPa, as shown in [Figure 11](#micromachines-10-00559-f011){ref-type="fig"}. The gain in the strength curve of the ultrasonic waves data and the maturity results was observed to be relatively slow, owing to the specimen size effect. At the third day of curing, the concrete strength approached 11.68 MPa and 14.00 MPa for the ultrasonic waves data and the cylindrical samples penetration test, respectively, while the maturity method yielded a result of 10.92 MPa.

The variations in the results can be observed by the data, which was due to categorizing the rise of amplitudes in the data of the ultrasonic wave signals in [Figure 12](#micromachines-10-00559-f012){ref-type="fig"}. Variation of the waves becomes higher and more prominent with increasing curing time due to the gaining of strength by the concrete specimen and the strengthening of the cohesive power of the concrete particles, which defines the limitations of the concrete material. The propagation of the signals becomes more dominant with time.

The strength prediction for the described methods produced a simultaneous curing process for the gain of strength, and the results were calculated as 16.48 MPa and 17.68 MPa for the UTM test and ultrasonic wave analysis, respectively.

The deviation of the data and specification of the strength-development monitoring is compared by fitting a curve to the analyzed data of the ultrasonic waves propagation data and the maturity method results to make the comparison with compressive strength measured by the penetration resistance test. The fitness of regression for the data model was 0.997, implying a valid fit and permitting a novel modified relation for predicting ultrasonic wave velocities in concrete and the maturity of the concrete at an early age. This is specified in Equation (11), $$C^{\prime}\left( {v,m} \right) = 9.903v + 0.000599m - 22.72.$$

Here, $C^{\prime}$ represents the compressive strength calculated from the penetration test data, *v* represents the wave propagated data, and *m* is the maturity method result for the estimated compressive strength. The equation provides a promising result for all the data and is in good agreement with the data shown in [Figure 13](#micromachines-10-00559-f013){ref-type="fig"}.

The experiments were performed with a controlled temperature, but in addition to temperature, other factors like water/cement ratio, type of bonding agents, aggregates, and age of concrete may affect the concrete-strength process \[[@B47-micromachines-10-00559],[@B49-micromachines-10-00559]\]. As shown in [Figure 11](#micromachines-10-00559-f011){ref-type="fig"}, the strength calculated from the data of hydration temperature differs by 0.86 MPa from the strength gain measured by a UTM test; this is due to the spatial variation effect of the specimens. The effect of concrete compactness was same in the uniform samples.

On day 14, the average strength of the penetration test was calculated as 19.47 MPa and that of the waves analysis was measured as 19.56 MPa, nearly the same for both specimens, while the result of the maturity method was calculated as 20.02 MPa, as shown in [Figure 13](#micromachines-10-00559-f013){ref-type="fig"}. The results of the concrete specimens at day 28 were higher: 25.62 MPa for the penetration resistance test of the cylinders, 24.13 MPa for the data of concrete maturity method, and 23.49 MPa for the waves data, which provided a clear demonstration of the test results for the study.

This modified new relationship of maturity and ultrasonic waves data results predict a comparative function for estimation in-situ of concrete early-age strength by NDT methods, which is a novel approach for early-age strength estimation. Concrete strength at day 28 by the destructive test of penetration resistance of concrete cubes through a UTM had the strength of 25.62 MPa, while the result according to the equation calculated the strength as 25.50 MPa at day 28. This relationship of data in the study attempts to predict the compressive strength by different means, leading to safe, promising structural health monitoring.

6. Conclusions {#sec6-micromachines-10-00559}
==============

This study covers the limitations of early-age strength development of concrete through an analysis that incorporates different test methodologies. The relationship of the maturity method and the ultrasonic wave propagation is that the hydration temperature results become higher in the initial hours of the hydration process; the wave propagation is slow as the concrete mix paste changes from a liquid paste to a semisolid form, the observed fluctuation of the waves was due to the medium form variation. The results predicted by the data, illustrated in [Figure 13](#micromachines-10-00559-f013){ref-type="fig"}, are promising for concrete early-age strength monitoring and strength development estimation. The ultrasonic wave-propagation experiment provided a massive amount of data for predicting the compressive strength of undisturbed field-poured concrete as an NDT function, yielding a modified equation that gives a comparative result for strength estimation, which allows engineers a quick and safe project implementation process.

The data suggest that the behavior of the signals and time of wave propagation to the boundary of the higher rigidity in the concrete sample results in a higher value of the wave propagation velocity.

For the maturity of concrete, the datum temperature plays a basic role in the results of the maturity index, as the maturity method result gave a smooth output and was a little higher than that of the ultrasonic waves. So, for each mix, the datum temperature should be defined according to mix proportions, as the hydration temperature directly affects the strength development. Furthermore, from the results, it has been concluded that high temperature during concrete curing causes rapid strength gains in the structural elements.

The results qualify the proposed method for structural health monitoring in a wide range of industrial multi-stepped project monitoring. The procedure can be advanced in the future for the integration of methodology to the equipped systems for synthesis in the modified polymers.
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NDT

non-destructive testing

UTM

universal testing machine

RC

reinforced concrete

AWG

arbitrary waveform generator

MUX

multiplexer

SHM

structural health monitoring

PZT

piezoelectric

ASTM

American Society for Testing and Materials

APC

American Piezo Ceramics

IoT

Internet of Things
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![Piezoelectric (PZT) transducer locations on plate, including dimensions.](micromachines-10-00559-g002){#micromachines-10-00559-f002}

![(**a**) Embedded PZT transducers in concrete specimen and (**b**) allocation of SmartRock (temperature sensor).](micromachines-10-00559-g003){#micromachines-10-00559-f003}

![Schematic procedure of temperature history monitoring, maturity index, and compressive strength in the concrete maturity method.](micromachines-10-00559-g004){#micromachines-10-00559-f004}

![Wave modes for the arrival time of signals.](micromachines-10-00559-g005){#micromachines-10-00559-f005}
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![Concrete compressive strength measured by the maturity method, universal testing machine (UTM) test, and ultrasonic wave data.](micromachines-10-00559-g011){#micromachines-10-00559-f011}

![Amplitude rise pattern with curing time for ultrasonic waves data.](micromachines-10-00559-g012){#micromachines-10-00559-f012}

![Data comparison for the concrete compressive strength with the maturity- and ultrasonic velocities-modified data.](micromachines-10-00559-g013){#micromachines-10-00559-f013}

micromachines-10-00559-t001_Table 1

###### 

Concrete mix details (kg/m^3^).

  Materials   Cement   Silica Fume     Silica Powder   Sand   Aggregates   Water   Fiber (Vol %)
  ----------- -------- --------------- --------------- ------ ------------ ------- ---------------
  Quantity    330      0.165 (0.05%)   2.310 (0.70%)   873    916          165     0
